1.. Introduction {#S1}
================

Elevated plasma low-density lipoprotein cholesterol (LDL-C) and decreased high-density lipoprotein cholesterol (HDL-C) levels are two major risk factors for cardiovascular disease (CVD) \[[@R1]\]. Drugs that decrease LDL-C levels (for example, statins) have consistently been shown to decrease the incidence of CVD. In contrast, drug-induced increases in HDL-C levels have not yet been clearly shown to decrease CVD events \[[@R2]\].

Cholesteryl ester transfer protein (CETP) plays a key role in the transfer of neutral lipids between HDL and LDL particles and contributes to the transfer of cholesteryl ester into atherogenic LDL particles. Previous genetic studies of a family with a well-established inherited CETP deficiency have revealed that mutations in CETP can lead to a splicing defect and are associated with elevated HDL-C levels \[[@R3],[@R4]\]. To date, numerous CETP inhibitors have been identified and assessed in clinical trials. The CETP inhibitors that have been previously studied or are currently in phase III outcome studies include Torcetrapib \[[@R5]\], Dalcetrapib \[[@R6]\], Anacetrapib \[[@R7]\], Evacetrapib \[[@R8]\] and TA-8995 \[[@R9]\]. Despite the clinical interest in CETP inhibitors, their detailed mechanisms of action affecting CETP function and neutral lipid transfer remain poorly understood.

Human CETP is a plasma glycoprotein composed of 476 amino acids and has a molecular mass of \~53 kDa before post-translational modification (fully glycosylated CETP has a molecular weight of \~74 kDa) \[[@R10]\]. On the basis of its crystal structure, CETP has a banana-like shape with four structural components: an N-terminal β-barrel domain, a C-terminal β-barrel domain, a central β-sheet, and a C-terminal extension (a distorted amphipathic helix (i.e., helix X) involving Glu465-Ser476 at the C-terminus) \[[@R11]\].

Biochemical studies have revealed that CETP interacts with surface phospholipids of HDL particles via a hydrophilic/hydrophobic interaction \[[@R12],[@R13]\]. Although a protein-lipid-involved binding system can be detected and analyzed \[[@R14]\], usually with co-sedimentation as-says \[[@R15]\] and micro-calorimetry \[[@R16]\], the particular domains of CETP involved in binding lipoproteins and the detailed binding mechanisms remain elusive. The difficulty in studying the mechanism of CETP lies in the heterogeneity of its lipoprotein substrates and in the softness and high flexibility of their complex three-dimensional (3D) structure \[[@R17]--[@R19]\]. These properties limit the application of the other experimental procedures. For example, gel shift studies are challenging for the separation of molecules with large variations in molecular mass (the molecular mass of LDL is \~10 times that of HDL and \~250 times that of CETP). Gel filtration is challenging for isolating soft molecules, especially the one containing lipids. Ultracentrifugal separation may cause detachment of CETP from the lipoprotein \[[@R20]\]. Fluorescence resonance energy transfer (FRET) studies are limited by difficulties in expressing the full-length apolipoprotein B 100 (an LDL-containing protein of \~500 kDa, among one of the largest proteins) and determining a method to produce the reconstituted LDL. Immunological quantification of lipoproteins may also be inaccurate because of different combinations of polypeptides and modifications of HDL \[[@R21],[@R22]\]. Most importantly, the binding of CETP is not a stationary process. HDL can alter the shape and components along with time in an HDL-CETP mixture \[[@R23]\], thus causing difficulty in producing accurate quantitative measurements.

Electron microscopy (EM) has an advantage over traditional biochemistry assays in studying lipoproteins, because of the large variety of lipoprotein subclasses \[[@R24]\]. Our early EM studies have shown that CETP bridges HDL and LDL together, thereby forming a ternary complex \[[@R25]\] in which the N-terminal β-barrel domain inserts into the surface lipid monolayer of HDL. The observation of a ternary complex supports the "tunnel mechanism" of CETP for the transfer of neutral lipids between different lipoproteins. Our EM study has revealed that the binding between CETP and HDL is mediated by a protein-lipid interaction \[[@R26]\]. This protein-lipid interaction makes it possible for five or more CETPs to share one HDL substrate (more than the number of HDL-containing proteins). Recently, molecular dynamics (MD) simulations in a CETP study demonstrate that the N-terminal β-barrel domain is flexible \[[@R27],[@R28]\] and can penetrate into the HDL surface, thereby facilitating the uptake of cholesteryl ester \[[@R29]\]. The latest all-atomic MD simulation shows that CEs can be transferred through the CETP tunnel under a series of driving forces \[[@R30]\]. A parallel study using coarse-grained MD simulation on a microsecond scale has also suggested that CETP possesses a high degree of conformational flexibility and can form a continuous tunnel traversing its long axis \[[@R28]\], through which CEs and triglycerides (TGs) can be directionally transferred in the absence of an additional driving force.

Although MD simulations have predicted several underlying CETP mechanisms in CE transfer \[[@R27],[@R29]--[@R32]\], experimental mechanistic studies of CETP inhibition at the molecular level remain to be performed. Herein, we used EM techniques, including cryo-electron microscopy (cryo-EM) and optimized negative staining (OpNS), to investigate the effects of CETP inhibitors on the CETP-lipoprotein structure and their conformations under various incubation times.

2.. Results {#S2}
===========

Effects of CETP inhibitors (Torcetrapib, Anacetrapib and Dalcetrapib) on CETP structure {#S3}
---------------------------------------------------------------------------------------

Cryo-EM is a commonly used method to study protein structures under near-native conditions because it prevents possible artifacts induced by fixatives and stains, such as lipid stacking and flatness. However, images of small proteins (\< 100 kDa) generally are of very low contrast, thus making their visualization and 3D reconstruction a challenging process. Given that CETP is an approximately 53 kDa asymmetric molecule (\~74 kDa for fully glycosylated CETP) that is too small for cryo-EM, optimized negative staining (OpNS) \[[@R33],[@R34]\] was used to investigate how CETP inhibitors influence the CETP structure.

OpNS is a negative staining method that has been refined from conventional NS protocols \[[@R35]\] by using cryo-EM images of apolipo-protein E~4~ HDL as a control \[[@R33]\]. Notably, the OpNS protocol decreases the rouleaux artifact of lipoprotein particles \[[@R19],[@R33]\]. OpNS has been validated through cryo-EM images of 84-base pair double-stranded DNA \[[@R36]\] and proteins with known structures, including GroEL and proteasomes \[[@R34]\]. The unique capability of OpNS to allow examination of small proteins has been documented with the 53 kDa cholesteryl ester transfer protein \[[@R25]\] and the IgG1 antibody and its peptide conjugates \[[@R37]\], which are challenging targets for cryo-EM imaging. For this reason, OpNS was chosen to examine the effects of CETP inhibitors on CETP structure.

Recombinant human CETP harboring an N341Q \[[@R14]\] mutation at a glycosylation site to enhance production yield yet exhibiting identical behavior to wild-type CETP in lipid transfer assays \[[@R38]\] was incubated with each inhibitor at its maximal inhibitory concentration (approximately 10 μM) \[[@R14]\]. After 1 h of incubation, samples were prepared using OpNS and examined by EM. As a control, CETP was incubated with inhibitor buffer only. On the basis of a survey micrograph and representative particle images, CETP appeared to have a banana-like shape, similar to its crystal structure \[[@R11]\]. No obvious polymerization, aggregation or conformational changes were observed under any of the experimental conditions ([Fig. 1A--D](#F1){ref-type="fig"}, [Supplemental Fig. 1--4](#SD1){ref-type="supplementary-material"}). In the control sample ([Fig. 1A](#F1){ref-type="fig"}), CETP measured 12.4 ± 1.9 nm in length and 4.2 ± 0.5 nm in width. The dimension was similar to that in crystals (12.3 nm in length and 4.3 nm in width) \[[@R11]\] and in solution, as suggested by MD simulations \[[@R27]\]. After incubation with Torcetrapib ([Fig. 1B](#F1){ref-type="fig"}), CETP measured 12.7 ± 1.7 nm in length and 4.2 ± 0.6 nm in width, dimensions similar to those of free CETP as well as to the crystal structure of CETP bound with Torcetrapib (12.3 nm in length and 4.3 nm in width) \[[@R39]\]. The similar dimensions of free CETP and Torcetrapib-bound CETP measured with our method are consistent with that measured from the crystal structure, thus suggesting that our method is reliable for examining the structure and conformational changes of CETP.

Incubations with Dalcetrapib ([Fig. 1C](#F1){ref-type="fig"}) and Anacetrapib ([Fig. 1D](#F1){ref-type="fig"}) resulted in CETP lengths of 11.8 ± 2.3 nm and 11.8 ± 2.5 nm, respectively, and widths of 4.1 ± 0.7 nm and 4.3 ± 0.7 nm, respectively. Although Dalcetrapib and Anacetrapib appeared to have slightly decreased the length of CETP by approximately 0.6--0.9 nm (approximately 6.8%) compared with the free CETP and Torcetrapib-bound CETP, the differences in length were significantly smaller than the measured standard derivation (2.3--2.5 nm, owing to the various CETP orientations when they land on the EM grid). Therefore, these differences were determined to be statistically insignificant ([Fig. 1E](#F1){ref-type="fig"}), thus suggesting that the inhibitors do not induce significant conformational changes in CETP.

Cryo-EM images and 3D reconstruction of the CETP-HDL~3~ complex {#S4}
---------------------------------------------------------------

Given that the molecular weight of CETP-HDL~3~ is approximately 300 kDa, we used cryo-EM to examine its structure at −178 °C. Cryo-EM micrographs of CETP incubated with human plasma HDL~3~ at molar ratios of 3:1 embedded in vitreous ice contained spherical-, rodand garlic bulb-shaped particles ([Fig. 2A](#F2){ref-type="fig"}). Selected images of the garlic bulb-shaped particles indicated that the complexes were composed of 8.9--11.5 nm spherical HDL~3~ with an approximately 8.1 nm rod-shaped protrusion, as viewed from an orientation showing the longest protrusion (the first two columns in [Fig. 2B](#F2){ref-type="fig"}). Statistical analysis showed that 11.7% of HDL~3~ was bound to CETP, of which \< 5% of the particles possessed more than one protrusion (first two columns in [Fig. 2C](#F2){ref-type="fig"}). The conformation was clearly discernible from the selected reference-free class-averages (right column in [Fig. 2B and C](#F2){ref-type="fig"}). Because HDL~3~ is heterogeneous in terms of its diameters and components and varies in its binding to CETP, a small subpopulation (approximately 13%; i.e., approximately 3200) with a relatively homogenous structure of CETPHDL~3~ complexes was selected from an original pool of over 24,000 complexes. The convergence of the structure from this subpopulation of particle images provided a statistically defined and robust density map displaying the most prominent and reliable structural features of CETPHDL~3~ ([Fig. 2D](#F2){ref-type="fig"}).

A 3D density map of CETP-HDL~3~ at approximately 28 Å resolution ([Fig. 2D and H](#F2){ref-type="fig"}) was reconstructed through a single-particle reconstruction protocol \[[@R18]\]. The map reveals a spherical HDL with a dimension of approximately 93 Å × 97 Å × 101 Å attached to a CETP protrusion with a dimension of approximately 25 Å × 25 Å × 70 Å ([Fig. 2E](#F2){ref-type="fig"}). The CETP conformation and dimensions were similar to those obtained from the OpNS images of CETP bound to a 9.6 nm recombinant HDL (i.e., approximately 25 Å × 25 Å × 80 Å) \[[@R25]\]. By rigid-body docking of the crystal structure of CETP into the envelope of the cryo-EM density map at a contour level of 4.918, we found that CETP has a 55 Å length that penetrates or completely merges with the HDL surface ([Fig. 2F and G](#F2){ref-type="fig"}). This length is approximately 10 Å deeper than that measured from the OpNS 3D reconstruction of CETP bound to recombinant HDL \[[@R25]\]. This difference may be due to variation in the organization and composition of fatty acids on the curved spherical HDL~3~ surface, as opposed to the planar organization of the phospholipids in discoidal reconstituted HDL, affecting interactions with CETP.

OpNS-EM images of the CETP-HDL~3~ complex {#S5}
-----------------------------------------

By examining the same sample of CETP-HDL~3~ through OpNS EM ([Fig. 2I](#F2){ref-type="fig"}), we observed features essentially identical to those identified using cryo-EM ([Fig. 2A--C](#F2){ref-type="fig"}), including the penetration of CETP into the HDL surface. Although the OpNS indicated that the diameter of HDL~3~ is approximately 10% larger than that measured from cryo-EM images, the percentage of HDL~3~ bound to CETP differed from that measured from cryo-EM images by \< 2% (9.9% vs. 11.7%). This difference in diameter measurement may have been caused by the sample flatness with OpNS, the dynamics of CETP binding on the HDL~3~ surface, or the low contrast cryo-EM images of CETP on the surface of heterogeneous HDL, which make classification and averaging a challenge.

Although the cryo-EM technique has the advantage of imaging samples under a near native buffer, this technique is challenging for directly capturing small molecules (\< 150 kDa, such as 53 kDa CETP). Moreover, particles in the cryo-EM image may be influenced by the following processes: i) the protein with a larger hydrophobic surface is easier to remove by filter paper during blotting processing; ii) the supporting holey film has electrostatic properties that are different from those of the empty hole after glow-discharge, thus causing proteins with opposite charge are easier to be adsorbed by the film while particles have less charges present more into the hole area; and iii) the distribution of particle sizes may be regulated by the ice thickness within a hole, such that large particles are often pushed to the edge of the holes \[[@R17],[@R26],[@R40]\]. In the OpNS method, the excess sample solution was removed by touching the filter paper to the entire grid backside (opposite the carbon side) \[[@R33],[@R34],[@R41]\] without any direct interaction with the sample solution on the grid. Thus, the process had less influence on lipoproteins with heterogeneous size and different surface hydro-philicities. Moreover, given that the OpNS images i) exhibit the same 3D structural conformation of HDL~3~ bound to CETP as those obtained with cryo-EM; ii) reveal the same percentage of HDL~3~ bound to CETP as those from cryo-EM images; iii) have a much higher image contrast for the CETP portion than those obtained with cryo-EM; and iv) allow the examination of a huge number of samples, such as \~900 samples in this study, within an affordable time period, we used OpNS as the primary method to investigate the effects of inhibitors on the CETP-lipoprotein binary and ternary complexes in the following experiments.

Effects of inhibitors on the conformation of the CETP-lipoprotein binary complex {#S6}
--------------------------------------------------------------------------------

To investigate the inhibitory effects of Torcetrapib, Dalcetrapib and Anacetrapib on binary interactions between CETP and the lipoproteins, we incubated each inhibitor (approximately 10 μM, for 1 h) with CETP first and then combined with one of the plasma lipoprotein subclass (i.e., HDL~3~, LDL or VLDL at molar ratios of 3:1, 9:1 and 9:1, respectively) at 37 °C for up to 1 min. As a control, the CETP/lipoprotein samples were incubated alone with buffer. All samples were prepared using OpNS and examined by EM.

Survey micrographs and representative particle images of samples in which HDL~3~ was incubated with CETP ([Fig. 2I--L](#F2){ref-type="fig"}, [Supplemental Fig. 5--8](#SD1){ref-type="supplementary-material"}) showed that in all samples, rod-shaped CETP molecules had penetrated the spherical surfaces of the HDL~3~ molecules. These results are consistent with the cryo-EM results and results from previous studies \[[@R25]\], thus suggesting that the inhibitors did not cause appreciable conformational differences among the samples. The micrographs also showed that HDL was able to bind up to five CETP molecules. However, CETP was not observed to act as a bridge between HDLs. Statistical analyses indicated that the HDL particles had very similar diameters and shapes under all conditions, with diameters of 12.28 ± 1.91 nm (control), 12.05 ± 1.49 nm (Torcetrapib), 12.30 ± 1.79 nm (Dalcetrapib), and 12.27 ± 1.75 nm (Anacetrapib). The inhibitors also increased the percentages of CETP-bound HDL by 3- to 5-fold; 9.9% bound HDL was found in the control, which increased to 50.5% (Torcetrapib), 29.2% (Dalcetrapib) and 43.1% (Anacetrapib) ([Fig. 2M](#F2){ref-type="fig"}) with significant *p*-values (Torcetrapib: 2.20 × 10^−16^, Dalcetrapib: 1.79 × 10^−7^ and Anacetrapib: 1.95 × 10^−14^) determined by Pearson's chi-square test. These results suggest that the inhibitors significantly increased the binding affinity of CETP to HDL, a result consistent with the hypothesis that increased binding affinity might improve CETP inhibition based on biochemistry experiments \[[@R14]\].

Anacetrapib and Torcetrapib significantly increase the CETP/HDL binding ratio relative to Dalcetrapib \[[@R42],[@R43]\]. The crystal structure of the CETP-Torcetrapib complex has been reported and it is likely that Anacetrapib and Torcetrapib have similar binding positions in the CETP pocket \[[@R32],[@R42]\]. The binding position of Dalcetrapib, is unknown, but the fact that it has a distinct chemical structure and a much lower CETP binding affinity comparing with Anacetrapib and Torcetrapib, suggests that it may bind to a different site within the CETP molecule. MD simulations have shown that Torcetrapib and Anacetrapib increase the dynamics of both of CETP N- and C-terminal β barrial domains \[[@R44]\], which might facilitate the CETP insertion process, and thus explain the increased CETP binding affinity of both of these inhibitors.

The EM experiments described above suggest that the portion of CETP that merged into the HDL surface is approximately 45--55 Å in length, a result consistent with previous observations \[[@R25]\]. Two hypotheses may relate the mechanisms of the merging process of CETP with HDL surface lipids: i) a fusion mechanism in which the CETP β-barrel domain is completely unfolded and fused with the HDL surface lipid monolayer; and ii) a penetration mechanism in which the CETP β-barrel domain is completely inserted into the HDL surface lipid monolayer and extended to its central neutral lipid core, as previously proposed \[[@R25]\]. To evaluate the possibility of the fusion mechanism, we conducted the following calculation. By assuming that the 5-nm portion of CETP merged with the HDL surface via a large-scale conformational change, the original surface of this portion of CETP would occupy at least 30% of the HDL surface, on the basis of the equation, d×L/ (4×D) (where D is the HDL diameter, and L and d are the penetrated depth and diameter of CETP, respectively). Given that approximately half of the HDL surface is occupied by amphipathic apolipoproteins, no more than two CETPs should be observed on HDL surfaces. However, the above results, our previous experiments \[[@R25],[@R26]\] and the recent report by Lauer et al. \[[@R45]\] all show that four or more CETPs can simultaneously bind to one HDL, thus suggesting that the fusion mechanism is less likely.

To evaluate the possibility of the penetration mechanism, we conducted another calculation. On the basis of the assumption that a CETP β-barrel domain completely inserted into the HDL surface without involving any conformational change, the β-barrel domain (5 nm in length and 2.5 nm in diameter) would increase the HDL diameter \~1.5% times; i.e., from \~10 nm HDL to \~10.15 nm, on the basis of the equation $\text{D}^{\prime} = \sqrt[3]{\text{D}^{3} + \frac{3}{2}\text{Ld}^{2}}$ (where D and *D*^*′*^ are the HDL diameter before and after CETP penetration, respectively, and L and d are the penetrated depth and diameter of CETP, respectively). Given that \~80% of binding HDLs bind only one CETP, the small change (\< 2%) in HDL diameter is similar to the measured standard derivation of the HDL diameter, thus supporting the penetration hypothesis.

Survey micrographs and representative particle images of samples in which LDL was incubated with CETP ([Fig. 3A--D](#F3){ref-type="fig"}, [Supplemental Fig. 9--12](#SD1){ref-type="supplementary-material"}) showed LDL surfaces penetrated by rod-shaped CETP molecules in all samples. The conformations of the binary LDL-CETP complexes ([Fig. 3A--D](#F3){ref-type="fig"}, bottom panel) were consistent with results from previous studies \[[@R25]\] and did not differ considerably among the samples. Approximately 17% of the observed LDLs were bound to one CETP molecule each, whereas approximately 3% were bound to additional CETPs. The LDL particles displayed very similar diameters and shapes even in the presence of the inhibitors, measuring 23.6 ± 1.3 nm (control), 24.8 ± 1.3 nm (Torcetrapib), 24.4 ± 1.4 nm (Dalcetrapib) and 23.5 ± 1.3 nm (Anacetrapib). However, the inhibitors nearly doubled the percentages of CETP-bound LDL, which were 12.9% (control), 21.8% (Torcetrapib), 22.6% (Dalcetrapib) and 23.4% (Anacetrapib) ([Fig. 3E](#F3){ref-type="fig"}). The corresponding *p*-values were 0.05 (Torcetrapib), 0.04 (Dalcetrapib) and 0.02 (Anacetrapib) according to Pearson's chi-square test. These results suggested that the inhibitors increased CETP binding affinity to LDL, although not to the same degree as HDL.

Survey OpNS micrographs and representative particle images of the samples of VLDL incubated with CETP ([Fig. 3F--I](#F3){ref-type="fig"}, [Supplemental Fig. 13--16](#SD1){ref-type="supplementary-material"}) show VLDL surfaces penetrated with rod-shaped CETP molecules for all binding conditions. The observed conformations of the binary VLDL-CETP complexes (bottom panels in [Fig. 3F--I](#F3){ref-type="fig"}) were consistent with results from previous studies \[[@R25]\] and exhibited no appreciable differences among the samples. Approximately 20% of the observed VLDLs interacted with one CETP molecule, and approximately 30% were bound to two or more CETPs ([Fig. 3G--I](#F3){ref-type="fig"}). In contract, most LDL bound to one CETP, however, very small amount of LDL was also observed bound to two and more CETPs. This variation of CETP molecule numbers per LDL particle may due to the lipoproteins being isolated in the 1.006--1.069 g/mL density range, which includes intermediate density lipoproteins (IDLs), VLDL remnants. The VLDL particles had very similar mean diameters and shapes under all conditions, measuring 38.28 ± 7.12 nm (control), 37.9 ± 7.0 nm (Torcetrapib), 38.7 ± 5.7 nm (Dalcetrapib) and 38.6 ± 6.3 nm (Anacetrapib). However, the inhibitors increased the percentage of VLDL particles that bound CETP from 1/3 to nearly 1/2; the new values were 35.1% (control), 46.3%, (Torcetrapib), 47.0% (Dalcetrapib) and 50.0% (Anacetrapib) ([Fig. 3J](#F3){ref-type="fig"}), with significant *p*-values (Torcetrapib: 7.00 × 10^−3^; Dalcetrapib: 6.69 × 10^−3^ and Anacetrapib: 4.01 × 10^−4^) determined with Pearson's chi-square test. In comparing to that the inhibitors increased the CETP binding to HDL by \~20--40% and to LDL by \~9--11% ([Fig. 4F](#F4){ref-type="fig"}), the inhibitors increased CETP binding to VLDL for \~11--15% (from 35.1% to 46.3--50.0%), which is lesser extent than to HDL but greater than to LDL. An hypothesis of that the inhibitors increased more the binding affinity of CETP to VLDL than to LDL is that VLDL naturally as a source in the hetero-exchange between CE and TG \[[@R46]\] serves an additional function in TG transfer, which may cause more CETPs to bind to VLDL than LDL.

Notably, in the above statistical analyses, the CETP binding number was calculated by counting the observed protrusions extending from the edge of lipoprotein spheres. A true representation of all the CETP-lipoprotein interactions should include those CETPs that interact on the top and bottom of the lipoprotein sphere, especially for large lipoprotein particles. In a previous study of CETP binding to liposomes \[[@R26]\], we have calculated the probability (℘) (i.e., the ratio of the CETP visible area on a sphere vs. the sphere overall area) as a function of the diameter of the sphere (*d*) and the length of CETP protrusion (*l*): $\wp = \cos\left\lbrack {sin^{- 1}\left( \frac{d}{d + 2l} \right)} \right\rbrack$ under the assumption that there is no preferred orientation for CETP in binding a substrate of carbon film. Under this calculation (with a CETP protrusion length of 8 nm), a true representation of the CETP binding number to a 10--30 nm diameter lipoprotein particle should be increased by 9--32% compared with the observed value. However, because the amount of CETP binding to lipoprotein is naturally low (with few lipoproteins attached to more than three CETPs) ([Fig. 2M](#F2){ref-type="fig"}, [3E and J](#F3){ref-type="fig"}), adjustment with this probability did not result in a noticeable difference.

Effects of CETP inhibitors on the ternary complex conformation of CETP bound to HDL and LDL {#S7}
-------------------------------------------------------------------------------------------

To investigate the effects of the inhibitors on the HDL-CETP-LDL ternary complex conformation, we pre-treated CETP with each inhibitor (approximately 10 μM, for 1 h) before co-incubating with HDL~3~ and LDL at a molar ratio of 9:3:1 at 37 °C for up to 1 min. As a control, a sample of inhibitor buffer co-incubated with CETP, HDL~3~ and LDL was also prepared. All samples were prepared using OpNS and examined by EM.

Survey micrographs and representative particle images (left panels in [Fig. 4A--D](#F4){ref-type="fig"} and [Supplemental Fig. 17--20](#SD1){ref-type="supplementary-material"}) show rod-shaped CETPs bridging spherical HDL~3~ particles (small diameter) to spherical LDL particles (large diameter), thus leading to the formation of ternary complexes in all of the above samples. The conformations of the ternary complexes (left two panels in [Fig. 4A--D](#F4){ref-type="fig"}, left panels in [Supplemental Fig. 17--20](#SD1){ref-type="supplementary-material"}) were consistent with results from previous studies \[[@R25]\], and no noticeable conformational differences were observed between the samples, regardless of whether the inhibitors were present. The statistical analysis of the percentage of the ternary complexes relative to the total LDLs (including the free LDLs and the LDLs in binary and ternary complexes) ([Fig. 4E](#F4){ref-type="fig"}) showed little difference among the different inhibitors; i.e., 19.5% for the control, 17.5% for Torcetrapib (*p*-value of 0.58), 17.4% for Dalcetrapib (*p*-value of 0.52) and 16.6% for Anacetrapib (*p*-value of 0.46) ([Fig. 4F](#F4){ref-type="fig"}). However, the percentage of the ternary complexes relative to total HDL (including free HDL and HDL in binary and ternary complexes) did show a difference for each inhibitor; i.e., 12.2% for control, 6.9% for Torcetrapib (*p*-value of 9.40 × 10^−3^), 9.7% for Dalcetrapib (*p*-value of 2.40 × 10^−1^) and 6.51% for Anacetrapib (*p*-value of 5.24 × 10^−3^) ([Fig. 4F](#F4){ref-type="fig"}). All *p*-values were calculated relative to the control by using Pearson's chi-square test. The inhibitors slightly decreased LDL binding (10--15% decrease) when HDL was present and markedly decreased HDL binding (20--47% decrease) when LDL was present. The decreased binding to both HDL and LDL may offer mechanistic insights into how the inhibitors decrease CE transfer between particles.

Effects of inhibitors on CETP binding affinities to lipoproteins in the ternary complexes {#S8}
-----------------------------------------------------------------------------------------

CETP binding affinities were modified by the presence of LDL and HDL. By comparing the control samples from the above experiments on the binary and ternary CETP complexes ([Fig. 4F](#F4){ref-type="fig"}), we observed that approximately 23% more HDL bound to CETP when LDL was present (increasing from 9.9% to 12.2%). Similarly, approximately 50% more LDL bound to CETP when HDL was present (increasing from 12.9% to 19.5%). These results demonstrated that the binding affinity at one distal end of CETP can influence the binding events at the opposite distal end, thus suggesting that the binding affinities of the two distal ends of CETP are not independent of each other.

CETP binding affinities were also modified by the presence of CETP inhibitors. The above experiments on binary CETP complexes showed that the presence of inhibitors increased the HDL binding percentage by up to 5-fold and increased the LDL binding percentage by up to 2-fold ([Fig. 4F](#F4){ref-type="fig"}). However, the inhibitors did not increase the CETP binding affinity to a lipoprotein when one end of CETP already bound to a lipoprotein; in contrast, the presence of the inhibitors actually decreased the binding affinity. For example, when LDL was present, Torcetrapib decreased HDL binding to CETP by approximately 43% (from 12.2% to 6.9%). Similarly, when HDL was present, Torcetrapib decreased LDL binding to CETP by approximately 10% (from 19.5% to 17.5%); Dalcetrapib decreased HDL binding by approximately 20% (from 12.2% to 9.7%) and decreased LDL binding by approximately 11% (from 19.5% to 17.4%); and Anacetrapib decreased HDL binding by approximately 47% (from 12.2% to 6.5%) and decreased LDL binding by approximately 15% (from 19.5% to 16.6%) ([Fig. 4F](#F4){ref-type="fig"}).

CETP inhibitors decrease CE transfer from HDL to LDL {#S9}
----------------------------------------------------

To investigate how the CETP inhibitors affect CETP-mediated transfer of CE from HDL to LDL, the above samples (in which the molar ratio of CETP, HDL~3~ and LDL was 9:3:1) were incubated with or without inhibitors (approximately 10 μM) for 0 min, 15 min, 40 min, 2 h, 8 h and 24 h at 37 °C ([Fig. 5A--D](#F5){ref-type="fig"}, [Supplemental Fig. 21--24](#SD1){ref-type="supplementary-material"}). The changes in HDL diameter reflected the transfer of CE from HDL to LDL. Additionally, as controls, samples of HDL~3~ incubated with LDL but without CETP ([Supplemental Fig. 25--28](#SD1){ref-type="supplementary-material"}) and samples of HDL~3~ incubated with CETP but without LDL ([Supplemental Fig. 29--32](#SD1){ref-type="supplementary-material"}) were prepared and examined under the conditions of incubation with or without inhibitors for the above time periods.

Prior to the study, these control experiments were performed to exclude the possibility that changes in HDL diameter were caused by CETP inhibitors directly inducing CE transfer between HDL and LDL. In this case, HDL~3~ and LDL at a molar ratio of 3:1 were incubated at the different time points stated above with or without inhibitors at physiological temperatures. There were no significant changes in the diameters of the HDL particles (all within approximately 10%) at any of the time points, regardless of whether the inhibitors were included in the incubations ([Fig. 5F](#F5){ref-type="fig"}, [Supplemental Fig. 25--28](#SD1){ref-type="supplementary-material"}), thus suggesting that lipid transfer between HDL and LDL is not mediated by CETP inhibitors.

We additionally sought to exclude the possibility that CETP-associated HDL~3~ fusion and subsequent remodeling of the fusion product \[[@R23],[@R47]--[@R49]\] might lead to a decrease in HDL particle size. To examine these scenarios, HDL~3~ and CETP at a molar ratio of 1:3 were incubated with or without inhibitors ([Fig. 5G](#F5){ref-type="fig"}, [Supplemental Fig. 29--32](#SD1){ref-type="supplementary-material"}). Statistical analysis showed that the average HDL diameters remained similar (all within approximately 10% of one another) even after 24 h of incubation. However, the standard deviation of the particle diameter gradually increased. The sample without inhibitor had the largest standard deviation, whereas the samples with Torcetrapib and Anacetrapib had the smallest standard deviations ([Fig. 5G](#F5){ref-type="fig"}). After 24 h of incubation, the particles with a major peak 6 nm in diameter and a minor peak at 50 nm were observed ([Supplemental Fig. 29](#SD1){ref-type="supplementary-material"}). In the presence of the CETP inhibitors, the processes of particle size distribution polarization were significantly slow down ([Supplemental Fig. 30--32](#SD1){ref-type="supplementary-material"}). It is unclear how Torcetrapib, but not anacetrapib or dalcetrapib, slow downed the process.

Statistical analysis showed that the presence of inhibitor increased the percentage of HDL particles bound to CETP over time, with Dalcetrapib causing the most rapid increase ([Fig. 5H](#F5){ref-type="fig"}). This rapid increase may correlate with the time-dependence of the effects induced by Dalcetrapib \[[@R14]\]. Nevertheless, the increased binding percentage did not alter the average diameter of HDL.

Analyzing changes in HDL diameters in the ternary complexes after treatments with different inhibitors yielded the following observations: i) The average diameter of HDL remained similar (within approximately 5%) during the first 15 min (1/4 h) of incubation, regardless of which inhibitor was present. ii) After 40 min (2/3 h) of incubation, the average HDL diameter decreased by approximately 17% in the control and Dalcetrapib-incubated samples, whereas no changes were observed (within approximately 5%) with the Torcetrapib- and Anacetrapib-incubated samples. iii) After 2 h of incubation, the average HDL diameter decreased by approximately 21% in the control and Dalcetrapib-incubated samples, whereas it showed only a slight decrease (approximately 10%) with the other two inhibitors ([Fig. 5A--E](#F5){ref-type="fig"}). iv) After 8 h of incubation, the average HDL diameter decreased by approximately 30% in the control and Dalcetrapib-incubated samples and by approximately 25% in the samples incubated with Torcetrapib and Anacetrapib ([Fig. 5A--E](#F5){ref-type="fig"}). After 24 h of incubation, in conjunction with the HDL~3~ particles shrinking in size, HDL~3~ became barely visible in the micro-graphs (right panels in [Fig. 5A--D](#F5){ref-type="fig"}), thereby preventing statistical analysis. The above results suggest another possible mechanism for inhibitor effects via reducing the CETP binding affinity to HDL and LDL when both lipoproteins are present. Notably, Torcetrapib and Anacetrapib had relatively higher efficacy in preventing CE transfer than Dalcetrapib within 2 h of incubation. However, after 8 h, all HDL diameters decreased to values similar to those observed when the inhibitors were absent. These time-dependent efficiencies suggest that the inhibitors may bind reversibly to CETP ([Fig. 5E](#F5){ref-type="fig"}).

Our EM studies show that Dalcetrapib has a weaker binding affinity for HDL and a lower CETP inhibition efficiency than Torcetrapib and Anacetrapib. This is consistent with what has been observed using traditional biochemical approaches \[[@R14]\] in which the same CETP inhibitors were incubated with HDL and LDL under comparable conditions to those of the present study. The results from the study of Ranalletta et al. established that, i) Anacetrapib and Torcetrapib inhibit CETP-mediated CE and TG transfers with similar potencies, which is similar to our EM result shown in [Fig. 5](#F5){ref-type="fig"}; ii) Dalcetrapib is a significantly less potent CETP inhibitor than Anacetrapib or Torcetrapib, which is consistent with our EM data in [Fig. 5](#F5){ref-type="fig"}; and iii) all of the CETP inhibitors induced tight binding of CETP to HDL, which leads to inhibition of CETP activity \[[@R14]\], which is also consistent with our EM data in [Fig. 4F](#F4){ref-type="fig"}. However, the study of Ranalletta et al. was not designed to determine how CETP interacts with HDL and LDL at the single molecule level, or to ascertain whether CETP inhibition induces conformational changes in the CETP molecule that regulate its interaction with lipoproteins. Our EM images showed that the inhibitors do not change the conformation of CETP or its interaction with HDL; rather, our results show that they reduce the ratio of ternary complex formation, demonstrating a new mechanism of CETP inhibition.

3.. Discussion {#S10}
==============

CETP mechanisms in CE transfer {#S11}
------------------------------

The statistical analyses of ternary complexes showed that the CETP binding on HDL and LDL increased by \~20% and 50% respectively when CETP was bound to two species of lipoproteins simultaneously ([Fig. 4F](#F4){ref-type="fig"}, control row). This phenomenon suggests that either one of the CETP distal ends bound to a lipoprotein triggers a conformational change on the other distal end, thus resulting in an enhanced binding affinity to other species of lipoproteins ([Fig. 6A--C](#F6){ref-type="fig"}), which increase CE transfer activity. The correlation of two distal ends on CETP has rarely been studied previously, possibly because the crystal structure of CETP with or without inhibitors does not show a significant conformational change \[[@R11],[@R39]\]. However, given that the same hole-crystals were used for both structures and the crystal lattice may constrain the conformational change of the structures, a local conformational change of CETP is still possible. Recent all-atom and coarse-grained MD simulations showed a high degree of conformational flexibility of the protein in solution \[[@R28],[@R50]\], especially in the β-barrel domains \[[@R27],[@R28]\]. This conformational flexibility may increase the length of the center cavity in forming a channel \[[@R27],[@R28]\] through which the central containing CEs and TGs can be transferred directionally \[[@R28]\]. The merging activity of CETP distal ends into a lipid layer produces distinct differences from CETP in solution \[[@R51]\]. The N-terminal β-barrel domain may even open a pore to allow uptake of the CE molecule from the HDL core \[[@R29]\].

Considering that VLDL particles are more labile and easier to be damaged than LDL during sample preparation and incubation, they contaminate the background and make identifying and measuring CETPs and HDLs difficult \[[@R41]\]. Thus, we only incubate the CETP with VLDL for a short time (such as 1 min). The EM images showed that CETP penetrates into the VLDL surface and mediates CE transfer via a tunnel mechanism, which is consistent with our early report \[[@R41]\]. TG transfer was not investigated in that study. However, as more CETP molecules can bind to VLDL than to LDL, the binding mechanism of CETP to the two lipoproteins is probably different. This is consistent with cryo-EM IPET 3D reconstructions of VLDL alone and VLDL-antibody complexes in which VLDL has a polyhedral surface, which is distinct from LDL \[[@R17]\]. However, a detailed investigation of this point is beyond the scope of the current project.

Our observation of ternary complexes of HDL-CETP-LDL favors the "tunnel mechanism" \[[@R25],[@R52]\]. However, some other studies have yielded different opinions about the CETP mechanism. García-González et al. have discovered that small peptides derived from CETP cause a mixture of phosphatidylcholine/CE aggregates forming \~6 nm micelle-like particles. As a result, authors suggested that similar mechanism of CE transfer from HDL to LDL can be adopted by the full length CETP \[[@R15]\]. In our previous \[[@R25]\] and current study, we neither observe those 6 nm micelle-like small particles after incubating CETP and HDL, nor explains how those protein-free micelle-like particles could function in sensing, targeting, and binding to LDL/VLDL, for directionally delivering their contained CEs. Notably, a recent EM study by Lauer et al. has also reported that CE transfer does not require a ternary tunnel complex with CETP, on the basis of negative evidence; i.e., the absence of observation of the existence of the binary complexes of CETP-LDL or ternary complexes of HDL-CETP-LDL \[[@R53]\]. However, this study also did not consider how CEs are transferred from HDL to LDL in the absence of CETP interaction with LDL nor show any new observed transportation media, such as the micelle-like particles as predicted by García-González et al. \[[@R15]\]. Our previous and current results show the existence of the binary complex of CETP-LDL, and early biochemistry experiments have also suggested the CETP-interaction with LDL. For example, Morton et al. have shown that LDL and VLDL-Sepharose columns release 50% of CETP by 45 min and 15 min, respectively \[[@R54]\]. The slower release speed of CETP from LDL compared with VLDL suggests an interaction between CETP and LDL \[[@R54]\].

Insights into the CETP inhibitor mechanism {#S12}
------------------------------------------

An interesting result from our study is the direct observation of significant inhibitors induced increment of the CETP binding to HDL (from \~9.9% to \~50.5%), which is in agreement with results from an early study \[[@R55]\]. Same as HDL, inhibitors also clearly increased CETP binding to LDL (from \~12.9% to \~21.8%). Unexpectedly, this increased CETP binding to each class of lipoproteins (HDL or LDL, in forming binary complexes) did not contribute to increasing the CETP binding to both classes of lipoproteins (forming ternary complexes) but instead decreased ternary complex formation ([Fig. 4F](#F4){ref-type="fig"}). This is an interesting effect of inhibitors since it reversed a possible allosteric effect that either one of the CETP distal ends bound to a lipoprotein may trigger a conformational change at the other distal end. Based on these EM result statistical analysis, a hypothesis is proposed to explain the effect of inhibitor in CETP binding. In brief, the inhibition mechanism may be described as a "seesaw" model ([Fig. 6](#F6){ref-type="fig"}). The natural substrate binding on one side of the CETP while initiating lipid transfer can cause a corresponding change on the other side. The CETP seesaw is in a "balanced state", where both sides of binding are enhanced. When inhibitor is introduced into the CETP tunnel without lipoprotein substrate binding, the CETP is again in an enhanced "balanced state" as inhibitor might play a role mimicking the lipid transfer state. However if both constraints were added ([Fig. 6D](#F6){ref-type="fig"}), the seesaw become "tilted" causing a decreased CETP binding on the other side.

Recent MD simulations indirectly support this hypothesis through the observation that hydrophobic interactions between the CETP core tunnel residues and inhibitors increase the plasticity of CETP \[[@R50]\], especially in its N-terminal β-barrel domain distal end \[[@R32]\] and C-terminal β-barrel domain distal end \[[@R42]\]. However, the hypothesis remains to be validated in the future by other orthogonal techniques, such as surface plasmon resonance analysis of binding interactions, fluorescence resonance energy transfer microscopy imaging, high resolution fluorescence labelled imaging, or even using high resolution cryo-EM equipped with a direct detector to directly observe the proposed conformational change. Despite of the hypothesis, the findings that inhibitors decreased the formation of ternary complexes; i.e., HDL-CETPLDL, provide additional knowledge beyond the general understanding of the mechanism of CETP inhibitors; i.e., inhibitors block the central cavity of CETP and thereby prevent CE transfer \[[@R11],[@R14]\].

Inhibitor efficiencies {#S13}
----------------------

Our experiments revealed the existence of the ternary complex by using human plasma HDL~3~, CETP and LDL; these results were consistent with findings from studies using recombinant apo-AI HDL \[[@R25]\]. We found that the inhibitors decreased the tendency of CETP to form a ternary complex. Torcetrapib and Anacetrapib had a similar degree of efficiency, which was higher than that of Dalcetrapib, in decreasing the ratio of the CETP ternary complex ([Fig. 4F](#F4){ref-type="fig"}). These efficiencies appeared to be consistent with their corresponding degrees of lipid-altering efficacies observed in large clinical trials. Clinical statistics show that Torcetrapib significantly increases HDL-C (\~70%) and decreases LDL-C (\~25%) \[[@R5]\]. Anacetrapib showed a similar or higher efficiency than Torcetrapib; Anacetrapib boosted HDL-C by approximately 138% and diminished LDL-C by \~36% \[[@R7],[@R56]\]. Dalcetrapib showed the least efficiency, raising HDL-C by only \~30% and modestly decreasing LDL-C by \~6% \[[@R57]\]. The consistency of inhibitor efficiencies between our experiments and these larger clinical results suggests that our approach may be used as a low-cost and high-efficiency tool to evaluate an inhibitor before clinical trials.

A potential effect of current inhibitors {#S14}
----------------------------------------

Although Torcetrapib showed a higher efficiency of CETP inhibition, large clinical trials have been halted because of side effects on blood pressure and/or electrolyte imbalance \[[@R5],[@R58]\]. In contrast, the Dalcetrapib clinical trial was ceased because of a lack of therapeutic efficacy. We suspect that the side effects of Torcetrapib may be related to the significant increase in CETP-HDL binary complexes (increased 5-fold). The tight binding between HDLCETP may result in Torcetrapib interfering in the normal metabolism of HDL. A relatively low binding rate, such as the 29.2% for Dalcetrapib and the 43.1% for Anacetrapib, may decrease this risk and prevent potential side effects. Earlier studies have shown that Torcetrapib and Anacetrapib cause more CETP molecules to bind to HDL than does Dalcetrapib \[[@R14]\]; these tightly bound inhibitor-CETPs can be taken up by cells during the HDL endocytosis process \[[@R59]\]. Anacetrapib has no reported side effects, and has recently been reported to reduce major cardiovascular events. Dalcetrapib has a lower efficiency with decreased HDL-CETP-LDL ternary complex formation ([Fig. 4F](#F4){ref-type="fig"}), but it still increases HDL-C levels by \~30% without obvious side effects \[[@R57]\]. The lack of therapeutic efficacy of CETP inhibitors in clinical trials suggests an elevated HDL-C level in isolation may not result in atherprotection. However, it is worthy to investigate whether the development of new next-generation CETP inhibitors that decrease the rate of binary as well as ternary complexes between HDL, LDL and CETP, as opposed the current inhibitors that only inhibit ternary complex formation, is more efficacious in terms of atheroprotection. Nevertheless, we propose a new next-generation CETP inhibitor that should decrease the rate of formation of ternary complexes of HDL-CETP-LDL to prevent the HDL-C was transferred to LDL-C, while also decreasing the formation of binary complexes of CETP-HDL and CETP-LDL to avoid the inhibitor caused side fact via inhibitor involved in the regular HDL or LDL metabolism.

In summary, we believe that our EM approach may aid in examination of the mechanism and efficiency of inhibitors at the molecular level to treat CVD.

4.. Experimental procedures {#S15}
===========================

Protein and lipoprotein isolation {#S16}
---------------------------------

The recombinant human CETP mutant N341Q (approximately 53 kDa) was expressed and purified as previously described \[[@R14]\]. This version of CETP has a mutation at a single glycosylation site to achieve better yields during protein purification and a more uniform glycosylation pattern. The mutated CETP behaves identically to WT CETP in lipid transfer assays \[[@R38]\]. The concentration of the purified CETP was approximately 2.3 mg/ml by absorbance at 280 nm. Native plasma HDL~3~ was isolated from fresh human plasma through ultracentrifugation as previously described \[[@R60]\]; it contained 4.28 mg/ml protein, 2.39 mg/ml CE and 1.03 mg/ml TG. LDL (d = 1.006--1.069 g/ml, apoB 64.9 mg/dL) and VLDL (d \< 1.006 g/ml, apoB 24.5 mg/dL) were isolated in the Krauss laboratory by sequential flotation of plasma from fasting, healthy male volunteers and further purified by ultracentrifugation \[[@R61]\]. Torcetrapib, Dalcetrapib and Anacetrapib were synthesized and prepared by the Merck Medicinal Chemistry Department (Rahway, NJ) with \> 99% purity, as determined by high-performance liquid chromatography-mass spectrometry (HPLC-MS) and nuclear magnetic resonance (NMR) spectroscopy.

Cryo-EM specimen preparation and data collection {#S17}
------------------------------------------------

CETP and plasma HDL~3~ were incubated at a molar ratio of 3:1 in their original buffer for 5 min at 37 °C. After dilution of the incubation solution 5 times with Dulbecco's phosphate buffered saline (DPBS), an aliquot (approximately 3 μl diluted solution) was applied to a glow-discharged holey carbon film coated 200-mesh copper grid (Cu-200HC, Pacific Grid-Tech, San Francisco, CA) for 5 s. After being blotted with filter paper (Whatman® qualitative filter paper, Grade 1, Maidstone, UK) on one side for 3 s, the samples were then flash-frozen in liquid ethane under conditions of 100% humidity at 8 °C with a Leica rapid-plunging device. Cryo-EM micrographs of the sample were acquired under a defocus of \< 2 μm with a Gatan Ultrascan high-sensitivity 4 K × 4 K CCD camera operated at 80 K magnification by the Zeiss Libra 120 TEM (each pixel of the micrograph corresponded to 2.4 Å in the specimens).

Three-dimensional reconstruction of the HDL-CETP complex {#S18}
--------------------------------------------------------

The defocus of each micrograph was determined by fitting the contrast transfer function (CTF) parameters with its power spectrum by using *ctffind3* in the FREALIGN software package \[[@R62]\]. The phase of each micrograph was corrected by a Wiener filter with the SPIDER software package \[[@R63]\]. First, 24,000 isolated CETP-HDL complex particles from the cryo-EM images were initially selected and windowed as 192 × 192 pixel images using the *e2boxer.py* program in EMAN2 \[[@R64]\]. Then, a subpopulation of approximately 3200 particles with homogeneous HDL size and binding CETPs were selected for structure analysis. Approximately 200 class averages were generated by reference-free class averages computed using *refind2d.py* in EMAN \[[@R65]\]. To prevent bias from a starting model in 3D reconstruction and refinement, a featureless model with a smooth solid cylinder (length approximately 75 Å, diameter approximately 30 Å) attached to a featureless solid sphere (diameter 100 Å) was used as the initial starting model, as a generally used strategy for 3D refinement \[[@R66]\]. In the first four rounds of refinement, only very-low-resolution particle information was used, and iterative refinement was used for convergence. Then, CTF amplitude and phase corrections, finer angular sampling and solvent flattening via masking were sequentially applied for iteration to convergence. According to the 0.5 Fourier shell correlation criterion \[[@R67]\], the final resolution of the asymmetric reconstruction of the CETP-HDL complex was 28 Å ([Fig. 2H](#F2){ref-type="fig"}).

Negative stained EM specimen preparation {#S19}
----------------------------------------

Specimens were prepared for EM with a previously described optimized negative staining (OpNS) protocol \[[@R34]\], which effectively minimizes the formation of rouleaux artifacts from lipoproteins \[[@R19],[@R41]\]. In brief, CETP (2.3 mg/ml) was pre-incubated with Anacetrapib, Dalcetrapib, Torcetrapib or drug solvent buffer (as a control) separately at 37 °C for 1 h; each drug was used at an approximately 100 μM concentration. To examine the interaction of CETP with different lipoproteins under different drug treatment conditions, the above pre-incubation solutions were then incubated for 1 min with HDL~3~ at a molar ratio of approximately 3:1 (CETP:HDL~3~), with LDL/VLDL at a molar ratio of approximately 9:1 (CETP:LDL/VLDL) or with an HDL~3~-LDL mixture at a molar ratio of approximately 9:3:1 (CETP:HDL~3~:LDL) at 37 °C. The final drug concentrations were all approximately 10 μM in the final incubation solution for a maximal inhibitory effect \[[@R14]\]. To study lipid transfer among lipoproteins under different CETP inhibitor treatment conditions, portions of the above samples, as well as of additional control samples (including HDL-LDL-inhibitors, HDL-CETP-LDL-inhibitors and HDL-CETP-inhibitors), were incubated at 37 °C for 0 min, 15 min, 40 min, 2 h, 8 h, and 24 h before preparation for EM.

The EM specimens were prepared by following our optimized negative-staining protocol (OpNS) for examining lipoproteins. In brief, approximately 3 μl of each sample was diluted 100-fold with Dulbecco's phosphate-buffered saline (DPBS) and was quickly placed on a thin, carbon-coated 200 mesh copper grid (CF200-Cu-SP, thin carbon film from Electron Microscopy Science) that had been glow-discharged. After 1 min, excess solution was blotted with filter paper. The sample was then washed rapidly with water and stained (1% uranyl formate, UF) \[[@R33],[@R34],[@R41]\]. After being air-dried under nitrogen, the specimens were further dried at room temperature overnight prior to use.

Electron microscopy data acquisition and image preprocessing {#S20}
------------------------------------------------------------

Micrographs were acquired under a defocus of approximately 0.6 μm and a magnification of 80 k on a Gatan UltraScan 4 K × 4 K CCD attached to a Zeiss Libra 120 Plus transmission electron microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany), which was operated under high tension at 120 kV using 20 eV energy filtering. Each micrograph pixel corresponded to 1.48 Å. A total of 4--8 micro-graphs were acquired for each condition. The contrast transfer function (CTF) of each micrograph was determined and then corrected using the phase-flip option included in *ctfit* (EMAN software package) \[[@R65]\]. All isolated particles in a micrograph were windowed using the *boxer* software by EMAN. Gaussian low-pass filters were applied to these particle images selected and windowed from each incubation condition before statistical analyses.

Statistical analyses of CETP binding to lipoprotein particles {#S21}
-------------------------------------------------------------

To harvest a sufficient number of isolated lipoprotein/CETP particles for statistical analysis, 4--5 images (containing 300--500 particles) were collected from each sample at the times stated above. For each lipoprotein particle, the number of bound CETPs was counted by accumulating the number of observed rod-shaped protrusions on the edge of the spherical lipoprotein. This number varied slightly depending on inclusion of the undetectable CETPs that were located behind and in front of the lipo-protein particles. As we have previously calculated \[[@R26]\], the probability (℘) (i.e., the ratio of the CETP visible area vs. the overall sphere area) is $\wp = \cos\left\lbrack {sin^{- 1}\left( \frac{d}{d + 2l} \right)} \right\rbrack$, where *d* is the lipoprotein diameter, and *l* is the CETP protrusion length.

The particle diameter was determined by measuring diameters in two orthogonal directions, as previously described \[[@R19]\]. In brief, the geometric mean of the perpendicular diameters was used to represent the particle diameter. Histograms of the particle diameters were generated with 0.5 nm sampling steps. Each histogram was fitted with a 6th degree polynomial function in *R* software for data analysis. Pearson's chi-square test with Yates' continuity correction was used to assess differences between the datasets. Statistical significance was defined as *p* \< 0.05.
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![Effects of inhibitors on CETP structure by OpNS EM. A) Survey view of optimized negative-staining EM images (top panel) and representative particle images of CETP (bottom panel), B) CETP incubated with Torcetrapib, C) CETP incubated with Dalcetrapib, D) CETP incubated with Anacetrapib, each at 37 °C for up to 1 h. E) Statistical analysis of CETP dimensions before and after treatment with inhibitors. *p*-values of 0.13, 0.06 and 0.06 were obtained for length and 0.91, 0.24 and 0.51 for width after treatment with Torcetrapib, Dalcetrapib and Anacetrapib, respectively (Student's *t*-test). Particle window size: A--D, 30 nm. Scale bars: 45 nm.](nihms-993341-f0001){#F1}

![Effects of inhibitors on CETP bound to HDL, as determined by cryo-EM and OpNS EM. A) Cryo-EM survey view of the complexes of CETP bound with human plasma HDL~3~ embedded in vitreous ice (dashed circles). B) Representative cryo-EM images (contrast inverted, left column) and reference-free class averages (shown in the right column) of the complexes of one HDL~3~ bound to one CETP molecule and C) one HDL~3~ bound to two CETP molecules. D) Cryo-EM 3D density map of the CETP-HDL complex reconstructed by a single-particle 3D reconstruction method from a relatively homogenous population of particles (3200 complexes, approximately 13% of total particles) displayed in two contour levels (the gray contour level corresponds to the molecular volume of the complex, whereas the cyan contour level corresponds to approximately 37% of the molecular volume). E) Cutaway surface view showing that the spherical HDL has a diameter of approximately 97 Å with an approximately 20 Å thick high-density shell and an approximately 50 Å diameter inner low-density core. F) and G) Two perpendicular views of the CETP-HDL cryo-EM reconstruction showing the crystal structure of the docked CETP within the envelope of the EM density map. An approximately 55 Å-long portion of the CETP N-terminal penetrated or merged with the HDL surface. H) The FSC curve showing that the resolution of the cryo-EM single-particle 3D reconstruction is approximately 28 Å according to the 0.5 Fourier shell correlation criterion. I) OpNS EM survey images (top panel), representative particle images (middle panel) and the corresponding particle cartoons with their populations (bottom panel) of the samples of HDL~3~ incubated with CETP. The CETP-HDL complexes are indicated by white dashed circles. The sample was also repeated under co-incubation with J) Torcetrapib, K) Dalcetrapib or L) Anacetrapib. The percentages of HDL particles involved in binding with no CETP, binding with one CETP and binding with two CETPs are shown at the bottom of the corresponding cartoons. The percentage of HDL particles binding more than two CETPs is not shown. The percentage of HDL was calculated by dividing the total number of HDL + CETP binary complexes by the total number of HDL particles (including the particles forming into binary complexes). M) Histogram of the percentage of CETP-bound HDL over the entire HDL population. *p*-values of 2.20 × 10^−16^, 1.79 × 10^−7^ and 1.95 × 10^−14^ were obtained for Torcetrapib, Dalcetrapib and Anacetrapib, respectively, via Pearson's chi-square test. Particle window size: I--L, 30 nm. Scale bars: A, 50 nm; B and C, 10 nm; E, 4 nm; I--L, 100 nm.](nihms-993341-f0002){#F2}

![Effects of inhibitors on CETP bound to LDL/VLDL by OpNS EM. A) OpNS EM survey images (top panel), representative particle images (middle panel) and the corresponding particle cartoons with their populations (bottom panel) of human plasma LDL incubated with CETP and the sample after incubation with B) Torcetrapib, C) Dalcetrapib, or D) Anacetrapib at 37 °C. E) Histogram of the percentage of CETP-bound LDL over the entire LDL population (with corresponding *p*-values of 0.05, 0.04, and 0.02 for Torcetrapib, Dalcetrapib and Anacetrapib, respectively). The percentage of LDL was calculated by dividing the total number of LDL + CETP binary complexes by the total number of LDL particles (including the particles incorporated into binary complexes. F) OpNS survey images (top panel), representative particle images (middle panel) and the corresponding particle cartoons with their populations (bottom panel) of human plasma VLDL incubated with CETP and the sample after incubation with G) Torcetrapib, H) Dalcetrapib, or I) Anacetrapib at 37 °C. J) Histogram of the percentage of CETP-bound VLDL over the entire VLDL population (with corresponding *p*-values of 7.00 × 10^−3^, 6.69 × 10^−3^ and 4.01 × 10^−4^ for Torcetrapib, Dalcetrapib and Anacetrapib, respectively). Statistics were calculated with Pearson's chi-square test. The percentages of LDL and VLDL particles involved in binding no CETP, one CETP and two or more CETPs are shown at the bottoms of the corresponding cartoons. The percentages of LDL and VLDL particles binding more than two CETPs are not shown. Particle window size: A--D, 45 nm; F--I, 60 nm. Scale bars: A--D, 140 nm; F--I, 70 nm.](nihms-993341-f0003){#F3}

![Effects of inhibitors on CETP in bridging HDL and LDL by OpNS EM. A) OpNS survey EM images (left panel), representative particle images (middle panel) and corresponding particle cartoons (right panel) of the CETP incubated with human plasma HDL~3~ and LDL simultaneously at 37 °C. The sample was also examined in the presence of B) Torcetrapib, C) Dalcetrapib, or D) Anacetrapib. In the survey views, the CETP-HDL~3~, CETP-LDL and HDL-CETP-LDL complexes are indicated by white dashed squares, triangles and circles, respectively. Images of the CETP-HDL~3~ complexes are shown in the top panels, the CETP-LDL complexes are shown in the middle panels and the LDL-CETP-HDL~3~ complexes are shown in the bottom panels. E) Statistical analyses of the percentages of LDL or HDL in an HDL-CETP-LDL ternary complex with corresponding *p*-values for LDL (Torcetrapib: 0.58; Dalcetrapib: 0.52 and Anacetrapib: 0.46) and for HDL (Torcetrapib: 9.40 × 10^−3^; Dalcetrapib: 2.40 × 10^−1^ and Anacetrapib: 5.24 × 10^−3^). The statistical analysis was conducted with Pearson's chi-square test. F) A collection of all statistics of the binary and ternary complex ratios formed after CETP inhibitor treatment. The percentage of bound HDL was calculated by dividing the total number of HDL + CETP + LDL ternary complexes by the total number of HDL particles (including the particles in binary and ternary complexes). The percentage of bound LDL was calculated by dividing the total number of HDL + CETP + LDL ternary complexes by the total number of LDL particles (including the particles in binary and ternary complexes). Particle window size: A--D, 48 nm. All scale bars: 80 nm.](nihms-993341-f0004){#F4}

![Effects of inhibitors on the CE transfer rate between plasma HDL~3~ and LDL, as shown by OpNS EM. Comparison of CETP lipid transfer activity and binding affinity during the incubation of human plasma HDL~3,~ LDL and CETP with or without inhibitors for 0 min, 15 min, 40 min, 2 h, 8 h and 24 h at 37 °C. OpNS EM images of the samples at representative incubation times are presented in the top left columns for A) the control group, B) Torcetrapib, C) Dalcetrapib, and D) Anacetrapib. The corresponding HDL size distributions are shown in top right columns. Quantitative diameter analysis of the HDL particles at 0 min, 15 min, 40 min, 2 h and 8 h for samples of E) a mixture of HDL, LDL, CETP and inhibitors; F) a mixture of HDL, LDL and inhibitors; and G) a mixture of HDL, CETP and inhibitors are shown in the bottom panel. A total of 300--500 HDL~3~ particles were assessed for each category. The particle diameters were measured on the basis of the geometric mean of two diameters: the longest diameter and its perpendicular diameter. Samples treated with control buffer, Torcetrapib, Dalcetrapib and Anacetrapib are represented by black, green, blue and orange lines, respectively. H) Histogram of the percentage of CETP-bound HDL against incubation times in the sample of HDL and CETP with inhibitors. Different incubation time periods are represented by different colors. All scale bars: 75 nm. The error bars in E, F, G and H are standard deviations.](nihms-993341-f0005){#F5}

![A hypothesis for the CETP inhibitor mechanism. A) Lipoproteins (including HDL, LDL and VLDL) have intermediate binding affinities to the CETP when CETP is in a near "closed" confirmation in solution. B) While one distal end of CETP interacts with one class of lipoproteins, such as HDL, the CEs of HDL are then taken up into CETP, and they produce a conformational change, increasing the binding affinity to other classes of lipoproteins, such as LDL or VLDL. C) The CETP inhibitor bound to the middle portion of the CETP triggers conformational changes at both distal ends, thereby increasing their binding affinities to both classes of lipoproteins. D) However, after neutral lipids, such as CEs, are taken up into one distal end, a conformational change is triggered at the opposite end thus decreasing the binding affinity to other classes of lipoproteins.](nihms-993341-f0006){#F6}
